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 Raised intracranial pressure (ICP) in traumatic brain injury (TBI) patients 
can lead to death. ICP measurement is required to monitor the condition of 
a patient and to inform TBI treatment. This work presents a new wireless 
liquid crystal polymer (LCP) based ICP sensor. The sensor is designed with 
the purpose of measuring ICP and wirelessly transmitting the signal to an 
external monitoring unit. The sensor is minimally invasive and 
biocompatible due to the mechanical design and the use of LCP. A prototype 
sensor and associated wireless module are fabricated and tested to 
demonstrate the functionality and performance of the wireless LCP-based 
ICP sensor. Experimental results show that the wireless LCP-based ICP 
sensor can operate in the pressure range of 0 - 60.12 mmHg. Based on 
repeated measurements, the sensitivity of the sensor is found to be 25.62 
µVmmHg-1, with a standard deviation of ± 1.16 µVmmHg-1. This work 
represents a significant step towards achieving a wireless, implantable, 
minimally invasive ICP monitoring strategy for TBI patients. 
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1. INTRODUCTION  
Traumatic brain injury (TBI) patients require specialist care, especially concerning intracranial 
pressure (ICP) monitoring. Increased ICP leads to severe brain damage, the two major consequences are 
brain shift and brain ischemia [1-3]. An excessive ICP can cause disability or death to a patient. A normal 
ICP range is between 5 to 10 mmHg in adults, 3 to 7 mmHg in children and 1.5 to 6 mmHg in infants [4]. 
There are several techniques to measure and monitor ICP. Most conventional ICP measurement methods are 
invasive catheter-based procedures [5]. A number of clinical complications are encountered with catheter-
based methods, such as infection and hemorrhage [6]. Additionally, patients with a catheter-based device are 
restricted to bed and lack mobility. A wireless minimally invasive ICP monitoring approach therefore is 
highly desirable to overcome the aforementioned limitations of catheter-based methods [7].  
Most wireless ICP devices are designed to be an implantable system that is powered and can transfer 
data in order to minimize interference with the surrounding biological tissue and prevent the risk of infection. 
The design constraints are the size of device, the electrical supply of the device, and the device 
functionality [8]. There are two approaches to achieving a wireless implantable ICP sensor: the use of 
a passive sensor,or the use of an active sensor [8–10]. A passive sensor is a battery-free device, mostly they 
are based on inductive coupling which is suitable for small data packages. The principle of operation of 
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a passive ICP sensor is as follows: an off-body coil is placed at an inductively coupling distance from 
the implanted coil which is inside the patient’s head. A coupled magnetic field generates power to the sensor 
and transfers data from the sensor. 
 The data is transferred from the sensor by changing the impedance of the implanted coil that is 
detected by the off-body coil. The passive sensor has a low operating frequency and a short workable 
distance due to the requirement for inductive coupling [11]. Recently, several groups of researchers have 
focused on this approach. For example, the recent United States Food and Drug Administration (FDA) 
approved ICP sensor, AURA™ ICP Monitoring System (Branchpoint Technologies, Irvine, CA, USA) is 
a battery-free wireless ICP sensor in the market [12]. The AURA™ sensor receives power inductively from 
the AURA™ Monitor (Model T0011B) through the AURA™ Antenna (Model T0010A). The sensor has 
a catheter tip with a strain-gauge pressure sensor that extends into the brain parenchyma to measure ICP.  
The measured data is transferred to the antenna which connects to a monitor. Data connection is via low 
energy Bluetooth. The dimensions of the sensor are 7 mm thickness x 21 mm diameter of body and 25 mm 
long, with a catheter diameter of 2 mm. This system has the advantage that the data receiver is provided to 
operate with other standard patient monitors. The monitoring duration is 29 days until the accuracy of  
the device shifts.  
In [13] a wirelessly powered passive implant using a piezoresistive pressure sensor (Amphenol P162 
NovaSensor, Amphenol Advanced Sensor, Fremont, CA, USA) was developed to measure ICP. The system 
consists of two parts; the implant and external reader. Inductive coupling was applied to the design for power 
transmission. This study shows that sufficient power was generated to activate the sensor for monitoring  
the pressure in the range of 0 to 28 mmHg. In a later study [14] the researchers developed a data transmission 
unit using a far-field antenna. The system was evaluated in a simulated biological environment.  
The pressure was measured over the range of -3 to 33 mmHg and transmitted to the external receiver at 
a distance up to 1 m.  
In [15] the authors used a capacitive microelectromechanical system (MEMS) pressure sensor 
(Murata SCB10H-B012FB, Murata Electronics Oy, Vantaa, Finland) connecting to a 50 µm spiral coil to 
form an LC tank. The coil rests on the skull and connects to the MEMS sensor in the subdural through RF 
coaxial cable. An increasing pressure induces a change in resonant frequency in LC tank, the changes can be 
detected by an external reader antenna. The operating pressure is in the range of 0 to 70 mmHg. In [16] 
a passive ICP sensor is made from two planar coils facing each other to create an LC tank. The sensor is 
designed to be placed under the dura mater. When pressure is applied on the top membrane, the two coils 
move closer resulting in a change of resonant frequency. A wearable readout system was proposed to detect 
the pressure changes over a wide frequency range of 35 MHz – 2.7 GHz. The author suggested that  
this reader is suitable for variable designs of sensors. Passive sensors have three main limitations for ICP 
measurement, such as the bulky size of the coil, magnetic resonance imaging (MRI) incompatibility, and 
short operating distances. 
Active ICP sensors are battery-powered devices that contain the pressure sensor, data processing 
and wireless communication modules. This type of sensor allows the transmission of large data packages in 
shorter time periods over a longer distance and with better signal to noise ratio (SNR) than passive devices. 
There are two types of battery commonly use in implantable sensor; disposable and rechargeable. 
Rechargeable batteries are charged inductively from an external magnetic source. In [17] an analog wireless 
ICP sensor was developed using a capacitive MEMS pressure sensor (Murata Electronics Oy, Vantaa, 
Finland). The operating frequency is at the Industrial Scientific and Medical (ISM) band of 2.4 GHz.  
The change of pressure is detected by the sensor which modulates a 2.4 GHz RF oscillator. The output signal 
is coupled to a planar inverted - F antenna. The transmitted data is detected by the receiver held in close 
distance to the head. A 3-V 220 mAh lithium coin battery (CR2032, Panasonic, Secaucus, NJ, USA)  
supplies the power to all electrical components. The sensor’s performance was evaluated in both in-vitro and 
in-vivo experiments.  
In [18] the analog ICP sensor from [17] was implemented to be a digital device using a modified 
wireless development platform (eZ430-RF2500, Texas Instruments Incorporated, Dallas, TX, USA).  
The platform consists of a wireless radio (CC2500) and a microcontroller (MSP430) which connects to  
the capacitive MEMS sensor. When an increasing pressure is detected, the microcontroller measures 
the change in capacitance and sends the output through the wireless radio. The annular slot antenna is 
connected to the wireless radio to transmit the signal to the external readout unit. The size of the digital 
sensor is 22 mm width x 26 mm length x 10 mm thickness. The performance of the sensor was evaluated by 
measuring the dynamic ICP changes in a swine model.  
In [19] the authors proposed a wireless sensor that measures ICP indirectly via air pressure.  
The system consists of an implantable sensing device and a portable data recorder. In the implantable sensing 
device, an air pouch sits in contact with the cerebrospinal fluid (CSF) and converts liquid pressure into air 
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pressure. The changes in air pressure are detected by an air pressure sensor that connects to the data 
processing and transmitting part. This system was fabricated into a 3.04 mm x 2 mm system on chip (SoC). 
This device uses 3 V 50 mAh battery and was tested in a hydrostatic environment. The operating pressure is 
in the range of -20 to 150 mmHg. The novelty of our work is to develop a biocompatible, implantable ICP 
sensor that is easy to fabricate with a low cost of manufacture that can operate during an MRI scan, none of 
the reviewed work above fully satisfy these requirements.  
In this work, a wireless LCP-based ICP sensor is proposed to measure the change of ICP for TBI 
patients. The sensor is designed to measure the ICP in the skull and transmit the data to an external 
monitoring unit. The design of the sensor consists of three main parts: the pressure sensing unit, the data 
transmission unit and the power unit. The pressure sensing unit is designed to be placed on the dura mater  
to detect the changes of ICP, while the data transmission and power units will be integrated into a platform 
and placed externally on the skull. The sensor is designed to be a complete LCP package. Due to LCP’s 
biocompatibility, it allows for a fully implantable device. The LCP-based pressure sensing unit is described 
in detail in our previous work [20, 21]. A piezoresistive concept was adopted to design the sensing unit to 
operate in the 0 to 50 mmHg pressure range. The LCP-based pressure sensing unit was fabricated using 
standard MEMS techniques and evaluated in a hydrostatic environment. The results showed an acceptable 
performance. The main contribution of the present work is the design and fabrication of an LCP-based ICP 
sensor that can measure and transmit the changes of ICP to the external unit wirelessly.  
Regarding to this study, the aforementioned LCP pressure sensing unit is connected to a newly 
developed data transmission and power units to demonstrate the functionality of the wireless LCP-based ICP 
sensor. The sensor performance is evaluated under a pressure range of 0 to 50 mmHg. Design details of 
the wireless LCP sensor are given in Section 3. The experimental setup for evaluating the wireless LCP 
sensor is given in Section 4. Experimental results and analysis are given in Section 5. 
 
 
2. METHODOLOGY 
2.1.  Wireless LCP-based ICP sensor design overview 
The wireless LCP-based ICP sensor is designed to measure the change of ICP within the skull.  
The implantable sensor can detect the change of ICP and remotely transmit the data to the external 
monitoring unit through the scalp. The sensor structure consists of three main parts: the pressure sensing unit, 
the data transmission unit and the power unit as shown in Figure 1. The pressure sensing unit is designed to 
be placed under the skull to detect changes in ICP in the surrounding CSF. The data transmission and power 
units will be integrated into a platform and placed on the skull, underneath the scalp.  
When ICP increases, the pressure sensing unit measures the changes in pressure and sends  
the sensor output to the data transmission unit. The processed data is transmitted to the external monitoring 
device. The power unit supplies power to the pressure sensing unit and other electrical circuits on the data 
transmission and power platform as shown in Figure 1. The size of the pressure sensing unit is smaller than 
the platform. The overall size of wireless LCP-based ICP sensor can be minimized in future design iterations. 
The fabrication of the wireless LCP-based ICP sensor is designed to be biocompatible and 
implantable through the use of LCP. The pressure sensing unit was designed based on the piezoresistive 
concept and fabricated on an LCP membrane. The fabrication process and the characterization of LCP 
pressure sensing unit are described in [20]. LCP has high mechanical strength, low dielectric constant and 
various chemical resistance [22, 23]. It is suitable for packaging the data transmission and power unit.  
The data transmission unit is designed based on 2.4 GHz ISM bands. The data transmission unit uses 
Bluetooth communication to transmit data to the external monitoring unit, this design offers ease of interface 
and MRI compatibility [24]. The power unit presently requires a battery to supply power to the LCP pressure 
sensing unit and other circuits. An illustration of a conceptual design of the system is shown in Figure 2. 
 
 
 
 
Figure 1. Overall operating principle of the wireless LCP-based ICP sensor 
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Figure 2. Illustration of a conceptual design of the proposed wireless LCP-based ICP sensor 
 
 
2.2 Wireless LCP-Based ICP Sensor Prototype 
The LCP pressure sensing unit contains four gold strain gauges with resistances between 
449-535 Ω. The structure of this unit consists of an 8 mm x 8 mm x 100 µm outer membrane and 
a 2mm x 2mm x 50 µm sensing membrane above a bottom cavity. The outer membrane is bonded with 
a 10 x 10 mm x 100 µm LCP membrane to seal the bottom cavity using adhesive. The LCP pressure sensing 
unit is connected to the data transmission and power platform through ribbon cables.  
The platform of data transmission and power units consists of a Bluetooth to serial port module 
(HC-05), microcontroller (ATmega328/P, Atmel Corporation, USA), 16-bit analog-to-digital converter 
(ADC) (ADS 1115, Texas Instruments Incorporated, USA), Buck-Boost Converter (TPS63001,  
Texas Instruments Incorporated, USA) and 3.6 V lithium ion coin battery (LIR2450, 120 mAh, 24.5 mm 
diameter). These components are presently assembled on FR4 board, and the total dimension of the platform 
is 30 x 30 mm.  
Figure 3 shows the block diagram of the wireless LCP-based ICP sensor. The 3.6 V Li-on battery is 
used to power the LCP pressure sensing unit, ADC, microcontroller and Bluetooth module. The output 
voltage of the LCP pressure sensing unit is sent to the ADS 1115 and ATmega328/P controller respectively. 
The ADC resolution is 16 bits with full-scale range of ±1.024 V, which gives a resolution of 31.25 µV.  
The processed data is sent via serial communication to the HC-05 Bluetooth module. The HC-05 transmits 
data at 960 bps and 0 dBm RF transmit power (programmable up to +4dBm). The transmitted data is 
monitored with the serial monitor feature on Arduino 1.8.8 (Arduino, Somerville, USA). The prototype of  
the wireless LCP-based ICP sensor is shown in Figure 4. 
 
 
 
 
Figure 3. Block diagram of the wireless ICP measurement system 
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Figure 4. Prototype of the wireless LCP-based ICP sensor 
 
 
3. EXPERIMENT 
The wireless LCP-based ICP sensor is designed to operate in the pressure range of 0 to 50 mmHg. 
This experiment aims to mimic the pressures ranging from 0 to 50 mmHg in ambient conditions by using an 
MTS Insight Electromechnical Testing systems (MTS Systems Corporation, Minnesota, USA). Theoretically, 
the pressure (P) is generated by a force (F) acting over a surface area (A) that is in direct contact with  
the applied load. Applying this theory, the range of the force is calculated to correspond to the range of  
the pressure. In this case, P is the pressures ranging from 0 to 50 mmHg, and A is the 8 x 8 mm2 LCP sensing 
unit’s area. The range of the corresponding force is therefore 0 to 0.5 N. The MTS Insight system is set up for 
a compression test with a 100 N load cell and flat compression platens. TestWorks® software (MTS Systems 
Corporation, Minnesota, USA) is used to set up the input parameters and run the MTS Insight system on 
a personal computer. The parameters are the maximum force of 0.5 N, the test speed of 5 μm/s and  
the sampling rate of 1 Hz. A laptop is used to monitor the sensor output voltage that is measured and 
remotely transmitted on serial monitor. The clocks of these two computers are synchronized to correlate  
the time stamps. The overall measurement system is shown in Figure 5. 
 
 
 
 
Figure 5. The experiment set up for testing wireless implantable ICP sensor 
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The LCP pressure sensing unit is sandwiched between 5 mm thick silicone membranes. 
The silicone membranes act as cushions and distribute the pressure over the LCP pressure sensing unit. 
This sandwiched LCP pressure sensing unit is fixed on the compression platens as shown in Figure 6 (a) 
and (b). When the measurement starts, the serial monitor is run before starting the compression test on 
the MTS Insight system. The sensor output voltage is monitored and recorded on the serial monitor. 
When the MTS Insight system runs, the load applies the force ranging from 0 to 0.5 N at the testing speed 
of 5 μm/s. The forces are acquired in TestWorks® software at the sampling rate of 1 Hz. The applied load 
increases until the maximum force reaches the limitation at 0.5 N. The applied forces and the time stamps 
at the starting and ending points are recorded via the MTS Insight system. The time stamp at the starting 
point of the MTS Insight system is aligned to the time stamp of serial monitor to correlate the forces and 
the sensor output voltages. The sensor output voltages were recorded for ten repeated measurements with 
the same experimental conditions. 
 
 
  
(a) (b) 
 
Figure 6. The wireless LCP-based ICP sensor under the compression test (a) the sandwiched LCP sensing 
unit connecting to the data transmission and power platform (b) the LCP pressure sensing unit in between 
two silicone membranes on compression platens.  
 
 
4. RESULTS 
The experiment was carried out to demonstrate the functionality and evaluate the performance of 
the wireless LCP-based ICP sensor. The sensor was subjected to loading and unloading conditions 
continuously. The recorded applied forces and the calculated pressures are plotted corresponding to time for 
ten repeated measurements as shown in Figure 7. From the graph, the pressure was applied from the base 
pressure (less than 1 mmHg) to the maximum pressure of 60.12 mmHg within approximately 412 seconds. 
The sensor output voltages of each measurement are recorded and plotted with respect to the pressure as 
shown in Figure 8. The output voltage linearly increases with increasing pressure.  
The sensitivity of the sensor is estimated from the slope of the best-fit line fitted to the data points 
for each repeated measurement, giving ten sensitivities. The average of these ten sensitivities over  
the pressure range of 0 to 60.12 mmHg is found to be 25.62 µVmmHg-1 ± 1.16 µV (average ± standard 
deviation) as shown in Figure 9. The graph shows that the output voltage at 0 mmHg is 0.951 ± 94.34 µV. 
The repeatability of the sensor is obtained from the standard deviation of the repeated measurements at  
the pressures of 0, 10, 20, 30, 40 and 50 mmHg and presented as error bars as shown in Figure 9.  
The graph shows small error bars which indicates that the wireless implantable ICP sensor demonstrates 
good repeatability.  
Figure 10 shows the residual of the best fit line of the sensor output voltage for all ten-measurement 
result. The residual captures the nonlinearity of the sensor alongside the measurement noise. There is no 
obvious structure to the residual plot which suggests the sensor output is very linear with respect to pressure, 
this is also supported by the R2 value of 0.984, where an R2 value of 1 would indicate a perfectly linear 
relationship. The standard deviation of the measurement noise evaluated from Figure 10 is found to be 47.75 
µV which indicates the meaningful resolution of the sensor is approximately 2 mmHg. The resolution of  
the sensor is limited by noise in this experiment but the noise may originate from the MTS Insight system 
which generates a fluctuating output signal at low forces. 
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Figure 7. Graph of recorded applied force and pressure for ten repeated measurements 
 
 
 
 
Figure 8. Graph of recorded sensor output voltage over the pressure range of 0 to 60.12 mmHg for ten 
repeated measurements 
 
 
 
 
Figure 9. Graph of averaged output voltages under 0, 10, 20, 30, 40 and 50 mmHg pressure range 
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Figure 10. Plot of the residual of the best fit line to the measurement result of the sensor output voltage for 
all ten repeated measurements. 
 
 
5. DISCUSSION 
The goal of this work was to demonstrate the functionality and evaluate the performance of  
the developed wireless LCP-based ICP sensor. The experiment shows that the MEMS fabricated LCP 
pressure sensing unit can operate successfully in conjunction with the data transmission and power platform.  
The wireless LCP-based ICP sensor measured changes in pressure and transmitted the real-time data to  
the external monitoring device wirelessly. The sensor is able to measure the pressure from 0 to 60.12 mmHg 
which is higher than the maximum design pressure. As shown in Figure 8, the output voltage increases 
linearly pressure. The sensitivity of the wireless LCP-based ICP sensor obtained from the slope in Figure 9 is 
lower than the simulated sensitivity reported in our previous work [20].  
In future work the LCP pressure sensing unit will be refabricated to enhance the sensitivity.  
The data transmission and power platform will be further minimized by removing the battery holder, 
upgrading Bluetooth module and ADCs and encapsulated in LCP for packaging. The power consumption of 
the system can be improved in a number of ways, for example, enhancing the resistivity of the strain gauges 
in the LCP pressure sensing unit, implementing the data transmission unit with a low energy Bluetooth 
module and developing a power controller to configure the work mode of the sensor. The size of the data 
transmission and power unit could be further reduced in future work by replacing the data transmission and 
power platform with wireless energy harvesting technologies [25, 26]. 
 
 
6. CONCLUSION 
A wireless LCP-based ICP sensor was proposed in this work. This study proves the concept and 
demonstrates the functionality of a wireless LCP-based pressure sensor to monitor the changes of ICP for 
TBI patients. The proposed prototype consists of a MEMS fabricated LCP pressure sensing unit and a data 
transmission and power platform. The sensor achieved a measurement sensitivity of 25.62 µVmmHg-1 with 
the sampling rate of 1 sample per second over the range of 0 to 60.12 mmHg. Repeated measurements show 
close agreement which indicates a high level of repeatability of the sensor. This work shows that  
the proposed wireless LCP-based ICP sensor is able to operate in a pressure range of 0 to 50 mmHg which is 
within the requirement for ICP monitoring for TBI patients. 
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